Abstract An episode of status epilepticus (SE), if left untreated, can lead to death, or brain damage with longterm neurological consequences, including the development of epilepsy. The most common first-line treatment of SE is administration of benzodiazepines (BZs). However, the efficacy of BZs in terminating seizures is reduced with time after the onset of SE; this is accompanied by a reduced efficacy in protecting the hippocampus against neuronal damage, and is associated with impaired function and internalization of hippocampal GABA A receptors. In the present study, using Fluoro-Jade C staining, we found that administration of diazepam to rats at 3 h after the onset of kainic acid-induced SE, at a dose sufficient to terminate SE, had no protective effect on the hippocampus, but produced a significant reduction in neuronal degeneration in the amygdala, piriform cortex, and endopiriform nucleus, examined on days 7-9 after SE. Thus, in contrast to the hippocampus, the amygdala and other limbic structures are responsive to neuroprotection by BZs after prolonged SE, suggesting that GABA A receptors are not significantly altered in these structures during SE.
Introduction
Status epilepticus (SE) in humans is an acute medical emergency associated with significant morbidity and mortality (Krumholz et al. 1995; Cascino et al. 1998; Logroscino et al. 2002) . Seizures during SE are generalized and enduring, and if not controlled timely, brain damage may occur (Treiman 2007) leading to neurological, cognitive, or other behavioral deficits (Krumholz et al. 1995) . Furthermore, after an episode of SE, patients have a high risk of developing epilepsy . This is because SE can trigger epileptogenesis, a process whereby-in the absence of further seizures after the initial SE episode-structural and functional alterations take place in certain brain regions that play a key role in epilepsy, culminating in the appearance of spontaneous seizures and eventually the development of epilepsy. SE has been successfully used in animal models as a trigger for epileptogenesis and development of temporal lobe epilepsy (TLE). In the SE animal model, neuronal loss and reorganization of neuronal circuits during epileptogenesis are similar to neuropathological findings in TLE patients (for a review see Pitkänen et al. 2007) , particularly in regard to the neurodegeneration that occurs in limbic structures (Tuunanen et al. 1996; Covolan and Mello 2000; Aroniadou-Anderjaska et al. 2008) .
The first-line treatment for SE is administration of benzodiazepines (BZs), which increase the efficacy of GABA A receptor-mediated inhibition by binding to specific sites on GABA A receptors and allosterically modulating the GABA A receptor complex (Macdonald and Olsen 1994; McKernan and Whiting 1996) . However, BZs lose their efficacy if not administered early (Treiman et al. 1998) , and higher concentrations, or more aggressive second-and third-line antiepileptic drugs must be used (Bleck 1999; Jones et al. 2002; Riss et al. 2008 ). The weakening anticonvulsant effect of BZs with increasing duration of SE has been associated with impaired function and internalization of GABA A receptors in the hippocampus (Goodkin et al. 2005; Naylor et al. 2005; Feng et al. 2008) . This is consistent with the lack of protection against neuronal loss in the hippocampus when the BZ diazepam is administered 3 h after the onset of SE (Pitkänen et al. 2005) . It is unknown, however, if other limbic structures that play an important role in seizure generation also lose their responsiveness to BZs soon after the onset of SE. Despite the loss of hippocampal responsiveness to BZs as SE progresses, these drugs maintain some effectiveness in reducing seizures, particularly if the doses are increased (Treiman 1990; Jones et al. 2002) . This suggests that other brain regions that are important in sustaining SE may remain responsive to benzodiazepines even at later stages of SE. As a first step in investigating this question, we compared the protective effect of diazepam against neuronal degeneration in the hippocampus and in the amygdala, as well as the piriform cortex and endopiriform nucleus, when the drug is administered at 3 h after SE. Neuronal degeneration was examined on days 7-9 after SE.
We studied the amygdala because of its important role in TLE (Quesney 1986; Pitkänen et al. 1998; AroniadouAnderjaska et al. 2008) , as well as in the generation and spread of seizure activity in the SE and kindling animal models of TLE (White and Price 1993a, b; Mohapel et al. 1996) . The volume of the amygdala is often reduced in TLE patients (Cendes et al. 1993; Cendes et al. 1994; Wolf et al. 1997; Van Paesschen et al. 2001) , while in SE animal models the amygdala suffers extensive neuronal loss (Tuunanen et al. 1996; Hsieh 1999) . Similarly, the piriform cortex and the adjacent endopiriform nucleus also undergo substantial neuronal loss after SE (Ben-Ari 1985; Covolan and Mello 2000; Druga et al. 2003; Chen and Buckmaster 2005) and may play an important role in epileptogenesis (for a review see Majak and Moryś 2007) . We found that diazepam did not reduce neuronal degeneration in the hippocampus, while it had a significant protective effect in the amygdala, the piriform cortex and the endopiriform nucleus.
Methods

Animals
Experiments were performed on male Sprague Dawley rats (Taconic Farms, Rockville, MD), 5-6 weeks old, weighing 170-200 g at the start of the experiments. Animals were individually housed in an environmentally controlled room (20-23°C, 12-h light/12-h dark cycle, lights on 06:00 a.m.), with food and water available ad libitum. All animal experiments were in accordance with our institutional guidelines after obtaining approval of the Institutional Animal Care and Use Committee (IACUC).
Induction of SE
Five rats implanted with four cortical screw electrodes plus four non-implanted rats were injected (i.p.) with kainic acid (KA) to induce SE, following a modified titration protocol (Hellier et al. 1998 ). The electrode-implanted rats were allowed 1 week of recovery before KA injections. Rats were initially treated with 7.5-8 mg/kg KA dissolved in 0.1 M phosphate buffered normal saline (PBS; 5 mg/ml), followed by subsequent doses of 4-5 mg/kg until the onset of SE. For implanted rats, SE onset was defined by 5 min of continuous generalized electrographic seizure activity in all four cortical electrodes involved with no breaks longer than 10 s; SE was allowed to continue for 180 min, until termination of both behavioral and electrographic seizures with 25 mg/kg of diazepam (i.p.). This group of rats will be referred to as KA ?DZP group (n = 5). The four nonimplanted rats were given KA to induce SE, using behavioral assessments to determine the necessity of additional injections and the onset of SE (defined by the first generalized behavioral seizure; Stage 4 from Racine 1972) . In this group, diazepam was not used to terminate SE (KA group). Behavioral SE was observed for more than 4 h after the first Stage 4 behavioral seizure. SE was still ongoing when monitoring was stopped. There were no mortalities. Previous studies have shown that SE induced by KA results in behavioral seizures that can continue for more than 7 h (Tuunanen et al. 1999) , and epileptiform spiking for up to 12-14 h (Pitkänen et al. 2005 ) after KA injections. The KA group received 16.6 ± 0.67 KA injections, and the KA ?DZP group received 20.5 ± 2.55 KA injections to induce SE (no significant difference between the number of KA injections needed in the two groups; P \ 0.31).
The KA ?DZP group was electrode-implanted so that we can determine the efficacy of diazepam to terminate electrographic seizures in addition to the behavioral seizures. In previous experiments, we have examined neuronal degeneration (using Fluoro-Jade C) in ''sham rats'' that were electrode-implanted but received no other treatment, and control rats which did not receive any treatment. There were no degenerating cells in the amygdala or hippocampus in either group. Therefore, the electrode implantation in the group which received diazepam is unlikely to have affected the results.
Fixation and tissue processing
The four rats of the KA group and the five rats of the KA ?DZP group were used for morphological analysis of the amygdala, hippocampus, piriform cortex, and endopiriform nucleus. Seven to nine days after KA-induced SE, rats were deeply anesthetized using ketamine (60 mg/kg i.p.) and medetomidine (0.5 mg/kg i.p.) and transcardially perfused with PBS (100 ml) followed by 4% paraformaldehyde (250 ml). The brains were removed and post-fixed overnight at 4°C, then transferred to a solution of 30% sucrose in PBS for 72 h, and frozen with dry ice before storage at -80°C until sectioning. A one-in-six series of sections containing the rostro-caudal extent of the amygdala was cut at 40 lm on a sliding microtome. One series of sections was mounted on slides (Superfrost Plus, Daigger, Vernon Hills, IL) in PBS for Nissl staining with cresyl violet. An adjacent series of sections was also mounted on slides for Fluoro-Jade C (FJ) staining.
Fluoro-Jade C staining
Fluoro-Jade C (Histo-Chem, Jefferson, AK) was used to identify dying neurons in the amygdala, hippocampus, piriform cortex, and endopiriform nucleus, at 7-9 days after SE. Mounted sections were air-dried overnight, and then immersed in a solution of 1% sodium hydroxide in 80% ethanol for 5 min. The slides were then rinsed for 2 min in 70% ethanol, 2 min in dH 2 0, and incubated in 0.06% potassium permanganate solution for 10 min. After a 2 min rinse in dH 2 0, the slides were transferred to a 0.0001% solution of Fluoro-Jade C dissolved in 0.1% acetic acid for 10 min. Following three 1-min rinses in dH 2 0, the slides were dried on a slide warmer, cleared in xylene for at least 1 min and cover slipped with DPX (Sigma).
Evaluation of Fluoro-Jade C Tracings of the amygdala, dorsal hippocampus, piriform cortex, and endopiriform nucleus from an adjacent series of Nissl stained sections were superimposed on the FJ-stained sections. For qualitative analysis of FJ-stained sections, the following rating system was used to determine the score for the extent of degeneration in each structure: 0 = no damage; 1 = minimal damage (1-10%); 2 = mild damage (10-25%); 3 = moderate damage (25-45%); and 4 = severe damage ([45%). Qualitative assessments were made from 6 sections per animal, and the average for each animal was recorded. For quantitative analysis, FJ positive cells were counted in each outlined structure at 209, and recorded as a density (number of cells per mm 2 ) from, on average, six sections.
Statistical analysis
All statistical values are presented as mean ± SEM. The KA group and the KA ?DZP group were compared using the unpaired Student's t test. Differences between the two groups were considered statistically significant when P \ 0.05. Sample sizes (n) refer to the number of rats.
Results
Neuropathology of limbic structures
Neuronal damage of limbic structures occurs both acutely (Tuunanen et al. 1999; Covolan and Mello 2000) and as a delayed process in the weeks, or even months, after SE (Tuunanen et al. 1996; Chen and Buckmaster 2005) . In the present study, degenerating neurons were identified using FJ, a fluorescent marker that binds to irreversibly damaged neurons (Schmued et al. 1997) . We characterized the extent of neurodegeneration in different limbic structures during epileptogenesis triggered by KA-induced SE in two groups: rats in which SE was not terminated with diazepam (KA rats; n = 4) and rats in which SE was terminated after 3 h with diazepam (KA ?DZP rats; n = 5). In both groups, the region with the most extensive ongoing degeneration, having the highest density of FJ? cells, was the endopiriform nucleus, followed by the amygdala (Table 1; Fig. 3 ). To a lesser extent, neurodegeneration was also observed in the piriform cortex and hippocampus (Table 1; Fig. 3 ).
Hippocampus
In the hippocampus of the KA rats, 18.09 ± 5.00 FJ? cells were counted (see methods), on days 7-9 after KA-induced SE. The extent of neurodegeneration was not significantly different from that in the KA ?DZP rats, in which 24.96 ± 11.79 FJ? cells were counted in the hippocampus (Figs. 1, 3 ; Table 1 ). The qualitative scoring system also showed no significant difference in these groups, with a score of 1.71 ± 0.29 for the KA group and 1.50 ± 0.46 for the KA ?DZP group. The most extensively damaged subfields were the CA3, CA1 and hilar region. Thus, administration of diazepam at 3 h after the onset of SE has no effect on the extent of neurodegeneration in the hippocampus, 7-9 days after SE.
Amygdala
The amygdala plays a central role in the generation and spread of seizure activity in animal models of epileptogenesis (White and Price 1993a, b; Mohapel et al. 1996) . Benzodiazepine-sensitive GABA A receptors are present in Diazepam administration after prolonged status epilepticus reduces neurodegeneration 191 the amygdala (Sieghart and Sperk 2002) . In the present study, we found extensive neurodegeneration in the amygdala, 7-9 days after SE, which was significantly reduced by diazepam. The qualitative analysis revealed a score of 2.88 ± 0.50 for the KA group, which was significantly higher than the score of 1.23 ± 0.34 in the KA ?DZP group (P \ 0.05). In the quantitative analysis, we counted 105.27 ± 4.29 FJ? cells/mm 2 in the amygdala of the KA Table 1 ; P \ 0.005). Thus, diazepam administered after prolonged SE reduces neuronal degeneration in the amygdala, 7-9 days after SE.
Piriform cortex and endopiriform nucleus
The piriform cortex and the adjacent endopiriform nucleus are also susceptible to damage after SE (Ben-Ari 1985; Covolan and Mello 2000; Druga et al. 2003; Chen and Buckmaster 2005) . In the present study, we determined if terminating SE after 3 h with diazepam reduces neurodegeneration in these two brain regions. At 7-9 days after SE, the qualitative evaluation score for neurodegeneration in the piriform cortex was 3.63 ± 0.10 for the KA group, compared to 1.30 ± 0.37 for the KA ?DZP group, indicating that diazepam significantly (P \ 0.001) reduced the extent of neurodegeneration ( Fig. 3 ; Table 1 ). Similarly, we found a significant reduction (77%; P \ 0.05) in the number of degenerating cells in the piriform cortex of the KA ?DZP rats (Figs. 2, 3 ; Table 1 ). Thus, in the KA group we counted 42.06 ± 9.91 FJ? cells, while the number of FJ? cells in the KA ?DZP group was 9.73 ± 3.04.
The endopiriform nucleus had the densest FJ? cells compared to the other structures (Figs. 2, 3 ; Table 1 ). The qualitative evaluation score for neurodegenerating cells in the endopiriform nucleus of rats in the KA group was 3.50 ± 0.40, whereas in the KA ?DZP group it was significantly lower (1.77 ± 0.28; P \ 0.01). Similarly, the number of FJ? cells in the KA group was 194.19 ± 21.67, while the number of FJ? cells in the KA ?DZP group was 102.29 ± 27.85, a 47% reduction (P \ 0.05; Figs. 2, 3 ; Table 1 ).
Discussion
In the present study, we found that neurodegeneration occurring at 7-9 days after KA-induced SE is more extensive in the amygdala and the endopiriform nucleus compared to the piriform cortex and the hippocampus, and that SE termination after 3 h by administration of diazepam results in significant protection from neurodegeneration in the amygdala, endopiriform nucleus, and piriform cortex, but not in the hippocampus.
Atrophy of temporal lobe structures, which implies primarily neuronal loss, is a frequently reported histopathology Fig. 2 Termination of KAinduced SE by diazepam, 3 h after its onset, reduces neuronal neurodegeneration in the amygdala, piriform cortex, and endopiriform nucleus during epileptogenesis. Nissl-stained (a) and Fluoro-Jade C-stained (b) sections demonstrating the medial (Me), basolateral (BLA) nuclei of the amygdala, the piriform cortex (Pir), and endopiriform nucleus (En). The Fluoro-Jade C-stained sections are shown at higher magnification in c. The number of irreversibly degenerating cells in the rats that were administered diazepam (KA ?DZP group), 3 h after the onset of SE, was significantly lower than the number of degenerating cells in the group that was not treated with diazepam (KA group). Staining in this example was performed 7 days after SE. Scale bar 300 lm of TLE patients (Babb and Brown 1989; Babb 1991; Cendes et al. 1993; Hudson et al. 1993; Williamson et al. 1993; Cendes et al. 1994) . Similarly, in animal models of TLE, neuronal damage of limbic structures is evident after an epileptogenic insult (Schwob et al.1980; Heggli and MaltheSørensson 1982; Tuunanen et al. 1996 Tuunanen et al. , 1999 Covolan and Mello 2000; Chen and Buckmaster 2005) . The amygdala appears to be particularly vulnerable to seizure-induced neuronal damage, as seen either acutely after SE (Schwob et al. 1980; Tuunanen et al. 1999; Covolan and Mello 2000) , during the epileptogenic latent period (Heggli and MaltheSørensson 1982; Tuunanen et al. 1996 ), or after spontaneous seizures have developed (Chen and Buckmaster 2005) . By using a marker specific for irreversibly degenerating cells (Schmued et al. 1997) , we show here that the extent of ongoing neurodegeneration during epileptogenesis is greater in the amygdala and the endopiriform nucleus compared to the hippocampus and piriform cortex. A higher susceptibility of the amygdala to seizureinduced brain damage compared to the hippocampus has also been observed in previous studies after KA-induced SE (Schwob et al. 1980; Heggli and Malthe-Sørensson 1982; Riba-Bosch and Pérez-Claussell 2004; Chen and Buckmaster 2005) , but also after SE induced by other mechanisms, such as administration of nerve agents (Shih et al. 2003) . There is evidence suggesting that the amygdala is even more prone to generating seizure activity than the hippocampus (Goddard 1967; Kairiss et al. 1984; Racine et al. 1988) , and, therefore, during SE the amygdala perhaps suffers more intense seizures than the hippocampus, resulting in greater neuropathological damage. It is not clear at present if there are also other mechanisms related to the physiology and biochemistry of the amygdala that make this structure more vulnerable to seizure-induced neuronal damage than other brain regions, even when the intensity and duration of the seizures are not higher in the amygdala. The endopiriform nucleus is another brain region that is highly susceptible to seizure-induced neuronal damage, as revealed in the present study, as well as in previous studies (Covolan and Mello 2000; Druga et al. 2003; Chen and Buckmaster 2005) .
GABAergic interneurons in the amygdala are the most vulnerable to SE-induced damage (Tuunanen et al. 1996) . We have recently found that in the basolateral amygdala, the amygdala nucleus that plays the most central role in the initiation and propagation of seizure activity (White and Price 1993a, b; Mohapel et al. 1996) , the loss of GABAergic neurons is significantly greater than the loss of other cells, 7-10 days after SE, resulting in a dramatic reduction of inhibitory activity . Thus, because it is GABAergic neurons that are primarily lost in the amygdala after SE, the amygdala circuitry becomes hyperexcitable, which may contribute significantly to the progression of epileptogenesis and the development of epilepsy. It is important therefore to protect against SE-induced neuronal loss in the amygdala.
We found in the present study that diazepam administration to terminate SE reduced neuronal degeneration in the amygdala, endopiriform cortex and piriform cortex, but not in the hippocampus. Benzodiazepine (BZ)-sensitive receptors are densely located in limbic structures (Niehoff and Kuhar 1983; Fritschy and Mohler 1995) , and BZs are the first-line treatment for termination of SE in humans (Chen and Wasterlain 2006) , and reduction of mortality after prolonged SE in animal models of TLE (Mello et al. Fig. 3 Quantitative and qualitative analysis of Fluoro-Jade C staining reveal that termination of KA-induced SE by diazepam, 3 h after its onset, reduces neuronal degeneration during epileptogenesis in the amygdala, piriform cortex, and endopiriform nucleus, but not in the hippocampus. a Comparison of the number of Fluoro-Jade C positive stained cells per mm 2 in the amygdala, hippocampus, piriform cortex and endopiriform nucleus of rats in which SE induced by kainic acid was not terminated (KA group; n = 4 rats) and rats in which SE was terminated after 3 h with diazepam (KA ?DZP group; n = 5 rats). b Qualitative assessment of the extent of neurodegeneration produced similar relationships between the KA group and the KA ?DZP group, as the quantitative evaluation; scale: 0 no damage, 1 minimal damage (0-10%), 2 mild damage (10-25%), 3 moderate damage (25-45%), 4 severe damage ([45%) . Values are mean ± SEM, *P \ 0.05, **P \ 0.005; ***P \ 0.001 1993). As SE duration increases, however, BZs are less potent as anticonvulsants (Walton and Treiman 1988; Jones et al. 2002) and neuroprotectants (Pitkänen et al. 2005) , and recent data suggest that this could be due to an internalization of GABA A receptors, as described in the hippocampus, beginning in the first hour of SE (Naylor et al. 2005; Goodkin et al. 2005) . The failure of neuroprotection in the hippocampus by diazepam after 3 h of SE reported previously (Pitkänen et al. 2005 ) is consistent with our results that diazepam administration after 3 h of SE did not reduce neurodegeneration in the hippocampus, 1 week after SE. However, the number of degenerating cells in the amygdala, piriform cortex, and endopiriform nucleus was reduced by diazepam. Thus, the impaired function and internalization of GABA A receptors in the hippocampus (Goodkin et al. 2005; Naylor et al. 2005; Feng et al. 2008) that diminish the efficacy of diazepam may not occur in other limbic structures that retain responsiveness to BZs after prolonged SE.
A reduction of GABA A receptor expression has not been reported acutely after SE in the amygdala, piriform cortex, or endopiriform nucleus. In fact, Kish et al. (1983) have shown no change in radio-labeled BZ-or GABAbinding 2 h after SE in the amygdala/piriform cortex area; however, this study also reported no change in the hippocampus. Radio-labeled ligands can bind non-neuronal cell types such as glia; this may account for the difference in the results of Kish et al. (1983) and those by Goodkin et al. (2005) , and Naylor et al. (2005) , which used electrophysiology and immunohistochemistry to show SE-induced intracellular accumulation/internalization of GABA A receptors in the hippocampus. Thus, it is unclear at present whether GABA A receptors are not downregulated in the amygdala, piriform cortex, and endopiriform nucleus during prolonged SE, which would account for the neuroprotective effect of diazepam in these brain regions.
A direct neuroprotective effect by diazepam administration after prolonged SE may be difficult to tease apart from its anticonvulsant effect. Because the severity of neuronal loss corresponds to the duration of SE (Lemos and Cavalheiro 1995; Gorter et al. 2003) , the termination of SE by diazepam alone may be sufficient to reduce the subsequent neuronal loss without a direct neuroprotective effect of diazepam. The dose of diazepam used in the present study (25 mg/kg) is effective at terminating SE, as determined by disruption of electrographic cortical seizure activity (not shown here). However, the use of deep electrodes would be necessary to determine if subcortical electrographic seizure activity was also attenuated or terminated with diazepam. Because seizure or spiking activity in subcortical structures can persist even after attenuation of cortical seizure activity (unpublished observations), and, in the hippocampus, GABA A receptors are internalized within the first hour of SE (Goodkin et al. 2005; Naylor et al. 2005; Feng et al. 2008) , the lack of a neuroprotective effect of diazepam in the hippocampus may be explained by a reduced anticonvulsant efficacy of diazepam within this region during prolonged SE. Pitkänen et al. (2005) reported disease modifying effects of diazepam administered after 3 h of SE, such as reduced frequency of spontaneous seizures; this was attributed to reduced SE duration compared to that of vehicle-treated rats. Although not analyzed here, we would have expected to find similar results, not only because of SE termination, but also because of the significant reduction of neurodegeneration in all limbic structures studied, apart from the hippocampus.
Because the efficacy of many of the proposed antiepileptogenic and/or neuroprotective treatments has been analyzed in a limited number of brain areas, we underscore here the need to evaluate structures beyond the hippocampus for neuroprotective efficacy during epileptogenesis. The amygdala, a limbic structure that undergoes extensive neurodegeneration after SE-induced epileptogenesis, responds to benzodiazepine treatment after prolonged SE, when the hippocampus does not. As the mechanisms underlying pharmacoresistance during prolonged SE are beginning to be unraveled in the hippocampus (Goodkin et al. 2005; Naylor et al. 2005; Feng et al. 2008) , it is essential to understand the cellular changes that occur in other limbic structures for assessment of the full potential of anticonvulsant and neuroprotective therapies in animal models of TLE.
